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ABSTRACT

Modifications to an existing radiofrequency telescope arc described which would enable it to operate as an R&D
optical receiver termina for deep-space communications. The low overall cost of the telescope is duc to the unique
process of fabricating the 10.4 meter primary mirror and its support structure., the lightweight of the primary (10-11
kg/m?), and the requircment that the tclc.scope act only as a photon bucket, which lowers the cost of opticaly figuring
and polishing the mirror. The entire optica ground termina facility is estimated to cost approximately $10 M to
construct.

1 INTRODUCTION

The optical communications program at J']. has been investigating designs for ten meter class telescopes for deep-
space. communications.!” The long range goa is to develop an optical subnet as an adjunct to the existing Decp
Spat.c Network (1DSN) which operates at radiofrequencies. As currently envisioned, this subnet may incorporate as
many as six to twelve ten meter telescopes deployed worldwide..** | he cost of such a subnet will be prohibitively
expensive if a high quality imaging optical telescope such as Keck were used as the basis for a single, communication
terminal (the cost for the entire Keck facility is about $93 M, the cost of the primary mitror aone is about $17.3 M).

Steps to containing the cost of a single. termina facility include 1) minimizing the fabrication cost of the. primary
mirror, 2) minimizing the. telescope length thereby reducing the size of the enclosure required to house it, 3)
minimizing the wcight of the telescope and its suppor t structure, which relaxes the mechanical and stiuctural
performance required of the tracking gimbal, and 4) utilizing the infrastiucturc of suitable existing sites to keep ncw
building, and other construction costs (such as roads) as low as possible.

once the primary clear aperture size and substrate arc selected, the methods of coarse fabrication ar ¢ usualy limited
to just sever @ choices. The optical prescription, figure quality, and roughness requirements determine the amount of
figuring and polishing nccded - the. most labor intensive. phascs. ) or Cassegi ain telescope €Onfigurations, the telescope
lengthis deter mined by the [-Numberof the primary - a fast primary providesshort overalllength. The overall weight
of the telescope is aso driven mostly by the weight of the primary. A heavier primary requires support structurcs of
matetials of high stiffness and generally greater mass, so that systemnatural frequencies arc. higher than those of
anticipate.d disturbance forces. Cleatly, the primary mirror is the single mostimportant component driving, the cost of
a large term al.

1 .ink analyscs for the. outer plancts led to requirements for a primary aper ture size of ten meters, Cassegrain
con figirations were selected for simplicity, and an I'# of 0.5 was sclected to keep the telescope length as short as
possible. These deep-space links can utilize pulse position modulation schemes very effectively,® which implies the
groundiccciver terminal is not required to faithfully preserve the phase of the incoming optical signal, only detect the
presence oJabsence of an optical pulse during a time interval.] lence the telescopefunctionsasaphoton bucket and
the. figure quality of the. optics can be much less stringent than that sequir ed of animaging telescope. These coneepts
are being, used to define the requitements for a proposed Deep Sprace Optical Receiving Antenna (DSORA). Mirror
subst Jates considered included glasses, metals, and certain sandwich compositions, such as aluminum between graphite
epoxy (GE) sh eets. Silicon carbide was assessed as 1 equit ing fabrication process 4 evelopment well beyond current
capabiliticsto produce such alarge optic inexpensively and was climinated from consider ation. Normal ULY glass costs
about $6.5 Mfora ten meter primaty but weighs 1]() kg/m.2 1'he lightweight cd form would weigh11kg/m’ but cost
$17-22 M. Both glass options arc uJ~attr-active. ‘T'he majority of ncw large apertur ¢ telc.scopes being de.signed use




segmented primaries and sine.c the major goal is to keep cost low, constructing the photon bucket following an existing
scgmented design was judged to be the most feasible and cost c. {fective path to follow.

While the telescope’s optical quality is quite coarse and the figure of merit is overall blur size, there is an additiona
need to control surface scattering. 1Duc to the operational requirement to provide twenty-four hour linkage, solar
scatteredirradiance from the telescope optics and from any support structure in the field of view (}'OV)of the
detector can be amajor contribution to the total optical background noise. Parasitic scattering from telescope optics
is reduced to acceptable levels through substrate selection and polishing - a BRDI (Bidirectional Reflectance
Distribution Function) requirement is specified. Scattering from structural surfaces is minimized by keeping surfaces
out of the field of view altogether, or by carefully locating hardware with smooth surfaces and highly absorbing
matings. The major source of background noise remaining - atmospherically scattered solar radiation in the FOV of
the detector - is reduced to an accept able level by using the ext remely nar ow passband (0.01 A) provided by a Stark-
tuncd, Faraday Anomalous Dispersion Optical Filter.®

In spite of efforts to contain cost, estimatesfor fabrication and construction of the ten meter optical terminal were il
large. A more generalized approach was adopted to find the least expensive means of constructing a photon bucket
with the. design characteristicsof 12 SORA, and this included using or adapting existing telescopes. The millimeter wave
I.cightontelescope was known to be of the required aperture size and the construction cost was very low. The primary
substrate. was aluminum, and the tclescope opc.rated during both daytime and nighttime.. This paper reports the
technical modifications to the 1.cightontelescope which would enable operation as the DSORA photon bucket. Cost
estimatesai e presented for the basic telescope fabrication, for the modifications, and for the construction of a complete
facility.

2. RF LEIGHTON TELESCOPE

Five telescopes are currently inuse in an array configuration for millimeter and submillimeter astronomical
measurements a the Owens Valley Radio Observatory (OVRO, near Bishop, CA) and onc is in usc at Mauna Kca,
HI.The first operational tclescope was deployed at OVRO in 1978 and is stillin usc. ‘1he OVRO T Clesc opts obscive
both during the day as well as night anddo not have cnclosures, while the 1 Tawaiitelescope, Figure 1, uses a
hemispherical dome 10 protectit from the environment, andobscrves o1 1% at night.

The primary mirror is a 10.4 m diameter clear aper ture Paraboloid consisting of 84 panels of sandwich construction.
1iach panel consists of afacesheet and backsheet of aluminum epoxied to a double honeycomb core of hexagonal
aluminum cells. The axis of symmetry through the hex core ccl] centeris perpendicularto the. sheets. ‘Jhere arc
fourleen sizes of panels comprising the primary, the panels on the outer diameter aic four, five, or six side.d i1regular
shapes, the 1emaining interiorpanclsare approximately hexagons. ‘The primary is attached at ninety-nine points to a
tubular steel space tiuss structure, in turn attached to the tracking gimbal a nine points which lic in a plane parallel
to the aperture.

The fabrication of the primary follows a unique process, essentially unchanged since the concepts were cicfined in
19717 The backup truss structure IS first assembled 41 mounted directly to g 1; e air bearing. 1 tachpanclis coarscly
cutfrom a planarsheet of matcijalto the necessary shape and attached to the t1 uss. At this stage the pancls consist
of the backsheetsandcores only, no facesheets. Alterall 84 pancls are cut, positioned, and attached to the truss, the
paraboloid fipurce is cut dircectly into the hex core by rotating the entire structure into a cutting too] fixed to a 5.2 m
long parabolic track fixture. The tools arc carbide tipped table saw blades and knife edged high speed tool steel slicing
blades.Many small cuts arc made so that very little heat is dissipated by the low density material. It takes about 3
weeks to bring the paraboloid to within about 3 mm of its final s111 face. Temporary tensioning bars a1¢ then attached
to the panel backsto exert pressur € to push the center of a pancel up a predetermined amount and pull the €O erg
downward equally, causing the center of a pane.l to be cut decper than the corners. ‘1 'he. facesheet elastic defor mat ion
(asmuch as] 10 pm) will restore each pane] to the propershape when the facesheet is later epoxied to the machined
core. Vor the final cuts of the core, the air temperature must be quite stable (2 1 K) and the cuts take 12-24 hours foi
acomplete pass. When the figuic is deecmed acceptabl e the, panels arc removed and the 1.3 mm thick facesheets are
cpoxied to the panclcorcunder vacuum bagging. 1 .astly, the corners of three pancls ar ¢ bolted together to a plate,
in turn attached to a manually adjustable standoff which bolts to the truss. The standoff takes the strain duc to the




thermal expansion diffcrence between the steel truss and aluminum panels. The paraboloid’s surface figure. is verified
by measuring its deviation from a template, which is attached to the machining fixture, by transducer measurcments,
and holographic mecasurements using astronomical Sources.

For the telescope in Figure 1, the total fabrication surface error, including crrors in the fixture, alignment of the fixture
and surface, control of temperature, pancl warp, cutting, facesheet finish, and reassembly is 9-13 pm (1 o rms)®, The
accuracy of the. surface measured on a scale larger than 40 mm is about 5 um, and for scales less than 10 mm it is
determined by the 2 pum finish of the mill-supplicd facesheet.

Note that the. backup support structure used to hold the primary during machining will be the onc actually used in the
field. ‘I’his feature, along with the usc of precision struts and pinned joints alows the primary and backup structure
to be disassembled for shipment and accuratcly reassembled at the site obviating the need for extensive readjustment.
The cost of fabricating the primary by this process is independent of the number of panels and their shapes - the
machining fixture is designed to cut only this paraboloid, and the panels and backup structure arc al fastened together
to form a rigid integral body with a ncarly continuous surface area

The primary will deform under gravity loading as the telescope is pointed, but as the telescope is homologous by design
and through construction, the coarse resultant change is a shift of the focal point from its nominal best location (focal
shifts arc. less than 1 mm over 90 degrees of elevation angle). The secondary shifts its position as well,but generally
tracks the shift in paraboloid focus. Additionally, it can be adjusted along the. axis of the telescope and independently
in a plane perpendicular to the axis by 25 mm. L.astly, the primary may bectuncedtogive the. best overall parabolic
figure (in an rms sensc) at any position by manually adjusting the standoffs that attach the panels to the backup truss.
Nighttime measurements of gravitationally induced distortion across the entire primary wClc 10-40 pmrms after
removing focus, tip/tilt, and sccondary centering, for zenith angles between 15 and 65 degrees. At least at night, the
systematic crrors of the tclescope arc controllable, to the degree required for the communication photon bucket
receiver, and performance is then limited by the random figure error achievable in the pancls.

3. OPTICAL MODIFICATIONS

Peiformance estimates foral.cightontelescope USCA as an opticalcommunicationsrecciverhave beenmade. A model
of the ]1.cightontelescope having the pr ascription displayedin ‘1'able 1 wasinput into the. Controlled Optics Modeling
Package (COM P) code®. Tirrors modeled included surface figure, tip/tilt,and piston. ‘The primary was modeled as a
scgmented aper ture of 84 panels and surface figure crrors were assigned to it. The blur diameter a the Casscgr ain
focus wasused as the optical figure of merit to gage expected performance of this photon bucket anti was compared
to p1cviously derived requitements for 1) SORA. ' Figure 2 displays the blur size. at the focus for a primary having
al0pm (1 orms)figurc crrorover a correlation distance of 1 Jn, withresidual errors of 25 prad of tip/tilt and 60 pm
of piston crrotr perpancl. All rays arc shown, and more than 95% of them are contained within an 86 prad full angle
blur circle. The desited D SORA - performance is 100 jaad.

A requirement for scat terfrom the telescope optics was derived. 1tis desited to suppress the scattered light duc to
solar illumination of the optics to levels below that of expected communicatio nreturn signals from cai th-plancet links.
1 .ink calculations to I'lute, a stressing Gist, indicated that received signals as iow as 1 pW at the ground a a
wavcelength of 532 nm ai ¢ possible. A marginof 1()() was applied to account for uncertaintics in link parameters, and
this 1esulted in arequirement for the BRDY (Bidirectional Reflectance Distribution IFunction) for both the primary
andsccondary mir rors of 1.4x1()"°s1” at 10 degices off notmalat 500" nm.

Bare aluminum cannot be polished to adegr cc necessary to obtain a BRDY of this magnitude. A plating of clectioless
nickel (1 iNi) of about 100-1"50 pm thickness canbe appliedto aluminum. The par t must be near net-shape before
plating. The nickel sur face may thenbe figured and finely polishedto achieve this BRDY.

Inoperation, the 1 cceiver must accomodate arange of possible spacect aft transmitter wavelengths: 500-2000" nm. The
best choice of optical coating for thisrange is a recta), either silver or aluminum. It was decided to select an enhanced
aluminum coating. Aluminum coating longevity is at least 3-5 yearsand the diclectr ic overcoatings applicd for
cnhancement at sel ected wavelengths protect the aluminum layer from oxidation and evapor at ion. Itis likely that an




cnhancement of the reflectance will be sought at the laser wavelengths of 1060, 532, and in the band 750-860 nm.

A layup of the proposed primary mirror is shown in Figurce 3. The basic fabrication process for the primary as
described above is retained, which includes the backsheet, core structure, and facesheet - alayer of 1iNi is plated onto
the facesheet. This layer is then figured, and polished to achicve the BRDY specified above, then an enhanced
aluminum coating is applied.

Additional specifications for the primary and sccondary mirrors arc shown in ‘Jable 2. The figure quality for the
primary specified is § gm over 1m correlation distance uniformly, providing some margin for inevitable material
instability over time, estimatedto be 1 -2pm per year for aluminum'', For this figure quality, and with 25 prad tip/tilt
and 60 pm piston per pane] as above, the expected blur size. at focus is about 50 prad (> 95% of all rays). The
secondary figure quality is 1-1.5 pm rms over the full aperture, a readily achicvable value. The tclc.scope performance
is ultimately limited by the primary mirror figure quality as fabricated.

4. GROUND TERMINAL FACILITY COST

The ‘Jable Mountain Facility (I'MF) located near Wrightwood, California at an altitude of 2.3km was nominally
sclected as the site for locating the ground terminal. 1t is desirable to reduce ncw construction cost by utilizing existing
infrastruct ure whenever possible - scveral optical telescopes already arc in place at this JPI. owned and operated
facility. 'The cost was estimated to construct a modified] .cightonreceiver, enclosure, and ncw service building at TMF
and usc basic exisiting utilities, service roads, and support buildings such as meeting rooms and storage area.

An enclosure design was found for the telescope which was estimated to cost approximately half that of the dome
shown in Figure 1. Thisenclosure consists of four rings, is approximately 22 m in diameter and 16 m high when fully
open, and collapses downward to a single ring to deploy the telescope for operation. A new service building of some
186 squarc meters (2000 squarc fc.et) is required. The concept for the entire facility is shown (not to scale) in Figure
4. The enclosure protects the telescope from snow and severe wind up to 200 kmy/hr, hut the telescope is otherwise,
exposed to ambicent conditions during operation. The site would occupyless than 1 acre.

The cost estimated to construct the. entir ¢ facility is give.n in‘T'able 3. Note the low cost for the basic 1.cighton telescope
fabrication, $1.8 h4, including a gimbal capable of tracking fromsidercal rates to about 30/s, sufficiently fast to track
low carth orbiting satellites. Modificationsto the telescope optics, which include acompletely ncw secondary, arc shout
$3.3M. Beam train optics follow the. sccondar y and relay the beam to detectors. These ar ¢ primarily a beam reducing
telescope, two axis beam steering mirror, beamsplitters, and other small focusing optics which will deliver the beam
to both acquisition and communication detectors. Detectors and other clectronics are not included in these estimates.
A Coudé beam path was designed and included.

A nominal scheduleis shown in Figure 5. The total time to build the telescope, modify the optics, fabricate the
enclosure and gimbal, prepare the site, erect the, building and then install the hardwarce is three years. About nine
months and three people are needed to construct the primary, secondary, and backup struct ure. The time required to
plate, figur ¢, and polish the primary is about two years, during which the, secondary can also be fabricated. The
schedule indicatess two parallel efforts to reduce this time. to onc year. Three months are needed to coat both optics.
The gimbal and enclosure can be fabricated in two years. Signal processing, electronics and software development are
not included in the cost cstimate; this activity is shown on the. scheduleas a two year effort. ‘I'he starting activity upon
receiptof funding isa facility engincering report, and initial operating capability is projected at five and one-half years
later.

5.CONCLUSION

It was shown that a tenmeter class photon bucket canbe ercated hy optically modifying an exist ing 1 adio telescope
design and construction process. The overall cost to produce the. bucket by this method is much lower than a
comparably sized telescope fabricated using conventional optical telescope techniques. New facility expenditures arc
fill therlowered by utilizing existing, sites and cost sharing whenever possible.
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Figuie 1. Leighton RY telescope at Caltech Submillimeter Observatory, Mauna Kea, 11 showing the unpolished
aluminum primary. The primary clear aperture is 10.4 m. The dome rotates with the telescope and
is about 18 m in diameter at the base, 13 m high. (Photo courtesy of . Vail, California Institute of
Technology).




1"All] 1 1. OPTICAL. ‘1'1{LESCOPE PRESCRIPTION

System Focal 1 ength 92.77 _
System liocal Ratio 8.920

Primary Mirror Diameter, m 10.4

Primary Mirror Focal Ratio 0.40 P
Primary Conic Constant -1

Primary to Sccondary Distance, m 3.887

Sccondary Mirror Diameter, m 060_ ]
Secondary Mirror Focal Ratio _ 0.39 _
Secondary Conic Constant -1.1909

Primary to Casscgrain 'ocus, m 1.524

Y (Veters)

—Lx" n=3

A-3

—&x”

X (Motors)

Figure 2.

Spot diagram at Cassegrain focus from COMJ? (Controlled Optics Modcling Package) analysis. The

scale is in meters. Approximately4700 r ays were launched. The primaty was modeledas an 84 segment
aperture cach segment of hexagonal shape. The figure quality was 10 pzm (1 o1ms)over 1 m
corr clation distance, with 2.5 i1 ad (1 o r ms) of tipfilt, and 60 j1m (1 o r ms)of piston applicdto

cach panel. The total blursize is about 86 sirad.



PROTECTION/
ENHANCEMENT COATING

A DIELECTRIC COATING
PLATING LAYER F1LECTROI ESS NICKEL
THICKNESS [ TACESTITET 1 6061 ALUMINUM
= 10CM \

HEX CORE
MIDDLE SHEET

HEX CORE
7 BACKSHEET

[JGUIU13. Layup of Primary Mirror for Photon Bucket

‘I'All] .112.. MIRROR SPECIFICATIONS

PRIMARY MIRROR

Geometry

Fnhanced at Selected Wavelengths B

Concavc Par aboloid, 84 Segments
10.4 m Diamcter, /0.4
Substrate 6061 Aluminum 1 ‘acesheet
3003 Aluminum Core & Backsheet
Plating 7 1ilectroless Nickel
l"igm(-: 7 - S pm over | M Correlation Distance
S(‘:ﬂ(‘:* - 1.4 X10%st" @ 10° @ A= 0.5 pm
Reflectance Avg.z= 93% overd= 0.5-2.0 pm
1 inhanced atSclected Wavelengths o
- SECONDARY MIRROR .
Geometry 7 ( ‘onvex Hyperboloid, One Picce,
60 cm ])iamc.ten, }'# =1:/0.40
Substrate ‘ 6061 Aluminum
Plating, Electroless Nickel, (Same as Primary)
Figure ) - 1-1.5m @ ms)over 60 cm _
Scatter R 7 14X10%s17* @1 0° @2 =05 pm
Rcflccl:mc?: - Avg.z= 93%overds ().5- 2.0 pm




Figure 4. Concept for Facility. The telescope and its enclosure arc both on top of the service building. In the
upper figure, the enclosure is closed, in the. lower figure it is opened, exposing the receiver.




‘T'A1]1.113. FACILITY COST SUMMMARY (1993 DOLIARS)

lvacility Item $K $K
I'clescone
Primary & Backup Support Structure 1065 |
Gimbal (includes controller) 433 |
Motors, Bearings, 1 incoders 1s5 |
Baffles, Structural Modifications 170
subtotal ‘I'clescope 1823
Optics Modifications
Primary (plate, figure, polish, coat) 2268 ‘
_Proof Panels 225 ‘
Tooling N 500
Mectrology o 250
Sccondary (new) 63
Subtotal Optics Modifications 33006
Beam train optics 1400
CoudéBeam ‘T'rain Optics 1" s
Site Development & Ulilitics | 250
Foundation, Ynclosure, Service Building | 3343
Transportation & Shipping l 50
Installation & Integration a Site | 743

T'otal

| 10080
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FIGURE 5. Schedule for Construction of Photon Bucket and Facility.




